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Peripheral NT3 Signaling Is Required for ETS
Protein Expression and Central Patterning
of Proprioceptive Sensory Afferents
with interneurons in the intermediate zone of the spinal
cord (group Ia, Ib, and II afferents) or directly with motor
neurons in the ventral horn of the spinal cord (group Ia
and group II afferents; Brown, 1981). The specificity of
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neurons in the mature spinal cord is well characterizedChapel Hill, North Carolina 27599
(Eccles et al., 1957; Brown, 1981), but much less is known2 Biozentrum
about the factors regulating proprioceptive axon extensionUniversity of Basel
and targeting during development.Klingelbergstrasse 70
Members of the ETS family of transcription factors have4056 Basel
been implicated in regulating the formation of synaptic3Friedrich Miescher Institute
connections between group Ia sensory afferents and mo-Maulbeerstrasse 66
tor neurons (Lin et al., 1998; Arber et al., 2000). Two ETS4058 Basel
family members, ER81 and PEA3, are expressed by devel-Switzerland
oping proprioceptive sensory neurons as well as by motor4 Neurology Research
neurons in the spinal cord (Lin et al., 1998; Arber et al.,VA Medical Center
2000; Livet et al., 2002). In the chick embryo, propriocep-Boston, Massachusetts 02130
tive sensory neurons and motor neuron pools projecting5 Howard Hughes Medical Institute
to a given muscle exhibit the same pattern of ETS geneDepartment of Biochemistry and Molecular
expression, and this coordinated expression is regulatedBiophysics
by signals from peripheral target tissue (Lin et al., 1998;Columbia University
see also Haase et al., 2002). In mouse, ER81 is initiallyNew York, New York 10032
expressed by most or all proprioceptive neurons in the
DRG (Arber et al., 2000). Consistent with this observation,
virtually all proprioceptive neurons fail to establish directSummary
monosynaptic connections with motor neurons of Er81/
mice, and terminate instead in the intermediate zone ofTo study the role of NT3 in directing axonal projections
the spinal cord (Arber et al., 2000). Since proprioceptiveof proprioceptive dorsal root ganglion (DRG) neurons,
neuronal survival is not affected in Er81/ mice, ER81NT3/ mice were crossed with mice carrying a targeted
expression is likely to regulate the expression of moleculesdeletion of the proapoptotic gene Bax. In Bax//NT3/
necessary for the establishment of the appropriate termi-mice, NT3-dependent neurons survived and expressed
nal arborization of group Ia and II afferents within thethe proprioceptive neuronal marker parvalbumin. Initial
ventral spinal cord (Arber et al., 2000). Although interac-extension and collateralization of proprioceptive axons
tions with the periphery appear to be important in theinto the spinal cord occurred normally, but propriocep-
regulation of ER81 expression (Lin et al., 1998), the identitytive axons extended only as far as the intermediate spinal
of the relevant inductive factor(s) responsible for this regu-cord. This projection defect is similar to the defect in
lation is unknown.mice lacking the ETS transcription factor ER81 (Arber
The two major functional classes of DRG neurons, pro-et al., 2000). Few if any DRG neurons from Bax//NT3/
prioceptive and cutaneous sensory neurons, are distin-mice expressed ER81 protein. Expression of a NT3 trans-
guished by their expression of different receptor tyrosinegene in muscle restored DRG ER81 expression in NT3/
kinases (Trks) that transduce signals provided by differentmice. Finally, addition of NT3 to DRG explant cultures
members of the neurotrophin family of polypeptide growthresulted in induction of ER81 protein. Our data indicate
factors (for reviews see Snider, 1994; Bibel and Barde,that NT3 mediates the formation of proprioceptive affer-
2000; Huang and Reichardt, 2001). Neurotrophin signalingent-motor neuron connections via regulation of ER81.
via receptor tyrosine kinases underlies, in large part, the
target dependence of peripheral neurons during critical
Introduction developmental periods. Proprioceptive DRG neurons,
which comprise20% of the adult DRG neuronal popula-
Neurons of the dorsal root ganglia (DRG) are specialized tion, express TrkC and require neurotrophin-3 (NT3) signal-
to convey distinct somatic sensory modalities from the ing for their survival during development. Elimination of
periphery to the central nervous system. Proprioceptive TrkC signaling in mice results in a 20%–35% loss of DRG
sensory neurons supply skeletal muscle and serve to pro- neurons and the absence of central proprioceptive projec-
vide information about muscle length and tension essential tions (Klein et al., 1994; Tessarollo et al., 1994; see also
for coordinated motor function. Peripherally, group Ia and Ernfors et al., 1994; Farinas et al., 1994). In contrast, inacti-
II proprioceptive neurons terminate on muscle spindles, vation of NT3 in mice results in a 70% reduction in the
whereas group Ib afferents innervate Golgi tendon recep- number of DRG neurons and thus appears to result in
tors (Zelena, 1994). The central branches of proprioceptors an additional loss of nonproprioceptive sensory neurons
project to the spinal cord and form synaptic connections (Ernfors et al., 1994; Farinas et al., 1994; Tessarollo et al.,
1994).
In addition to their role in regulating neuronal survival,*Correspondence: william_snider@med.unc.edu
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there is emerging evidence that neurotrophins have regu- Results
latory effects on neuronal morphology, notably functions
Elimination of Bax Restores DRG Neuronal Numberrelated to axonal growth and arborization in target fields
in the Absence of NT3/Trk Signaling(for reviews see McAllister et al., 1999; Bibel and Barde,
DRG neurons survive in the absence of neurotrophin sig-2000; Huang and Reichardt, 2001; Markus et al., 2002).
naling in vivo if Bax is also deleted (Patel et al., 2000). ToHowever, the dependence of peripheral neurons on neuro-
study the effects of NT3 on the development of proprio-trophin signaling for survival at early developmental stages
ceptive sensory neurons, Bax//NT3/ mice were gener-has limited our understanding of the requirements for neu-
ated by crossing heterozygotes from each line. At birth,rotrophins in regulating late developmental events in vivo.
Bax//NT3/ mice were overtly indistinguishable fromOur previous work has demonstrated that genetic elimina-
their wild-type littermates. However, Bax//NT3/ micetion of the Bcl2 family member Bax, which is required for
did not survive beyond the first postnatal week, as is theapoptosis upon neurotrophin withdrawal (Deckwerth et
case with NT3/ mice (Ernfors et al., 1994).al., 1996), permits TrkA-expressing cutaneous DRG neu-
We assessed peripheral sensory neuron survival in therons to survive in the absence of neurotrophin signaling
progeny of Bax/NT3 crosses by counting lumbar level 4in vivo (Patel et al., 2000). These neurons extend central
(L4) DRG neurons in semithin sections at P0 (Figure 1A).processes through the dorsal roots into the spinal cord,
As expected, there was a 70% loss of DRG neurons inbut the growth of the peripheral process in the limb is
Bax//NT3/ mice compared to wild-type. Strikingly, nomarkedly impaired (Patel et al., 2000). Thus, elimination of
neuronal loss occurred in the L4 DRG of Bax//NT3/Bax, in principle, might provide a tool to explore axon
mice. Rather, we found a50% increase in the total num-growth and targeting of proprioceptive neurons in the ab-
ber of DRG neurons in the Bax//NT3/ mice (12,932 sence of NT3.
758), comparable to that found in Bax//NT3/ miceNT3 appears to play a complex role in the regulation
(14,160  1013). These findings indicate that the elimina-of proprioceptive axon extension and targeting. During
tion of BAX restores neuronal number in the DRG in thedevelopment, NT3 is expressed by skeletal muscle, by
absence of NT3. The supranormal number of neurons inmesenchyme surrounding peripheral projection pathways
both Bax//NT3/ and Bax//NT3/ mice is presumablyand by motor neurons in the spinal cord (Schecterson and
due to the absence of naturally occurring neuron death inBothwell, 1992; Ernfors et al., 1992; Patapoutian et al.,
the Bax null mutants (White et al., 1998; Patel et al., 2000).1999). Injection of blocking anti-NT3 antibodies into the
To assess whether proprioceptive neurons survived inlimb during the period of naturally occurring cell death
the absence of NT3 signaling, we examined DRG sectionsresults in a decrease in the number of proprioceptive neu-
from P0 mice for expression of the calcium binding proteinrons (Oakley et al., 1995), indicating that NT3 derived from
Parvalbumin (Figures 1B–1D). Parvalbumin is an estab-peripheral tissues is required for the survival of propriocep-
lished marker of NT3-dependent proprioceptive neuronstive neurons. Furthermore, developing peripheral sensory
(Copray et al., 1994; Ernfors et al., 1994; Honda, 1995).axons can be directed to grow toward local sources of
We found Parvalbumin immunoreactivity in large-diameterNT3 and other neurotrophins (Tucker et al., 2001), raising
DRG neurons of wild-type mice (Figure 1B), and consistentthe possibility that endogenous NT3 might play a role in
with the loss of proprioceptive neurons in Bax//NT3/supporting interstitial axon extension in the developing
mice, the number of Parvalbumin-expressing neurons inlimb. It also seems plausible that NT3 derived from either
the DRG was dramatically reduced (Figure 1C). In contrast,peripheral or spinal cord sources might influence central
we found numerous Parvalbumin-expressing neurons inproprioceptive axon projections. However, it remains to
Bax//NT3/ mice, demonstrating that proprioceptivebe established whether NT3 regulates the collateralization
neurons had survived NT3 deprivation in the absence ofand targeting of central proprioceptive axons to motor
Bax. However, the cross-sectional area of Parvalbuminneurons, and if so, by what mechanism.
DRG neuronal somata from Bax//NT3/ mice was re-In order to assess the role of NT3 on proprioceptive
duced by 70% as compared to wild-type mice at P0,axon extension and ER81 expression, we crossed mice
presumably due to the sustained loss of NT3 trophic sup-carrying a targeted deletion of the Bax gene with NT3/
port (Figure 1D). Further evidence that proprioceptive neu-mice. We report here that proprioceptive sensory neurons
rons survived until P0 in Bax//NT3/ mice is providedsurvive in Bax//NT3/ mice. However, peripheral pro-
by analysis of their axonal projections into the spinal cordprioceptive axons and their associated muscle spindles
(see below).
are absent at birth in these mice. Furthermore, although
the initial collateralization of central proprioceptive axons
into the spinal cord proceeds normally in Bax//NT3/ A Peripheral Defect in Proprioceptive Axon
mice, these axons do not project toward motor neurons Projections in Bax//NT3/ Mice
and instead terminate in the intermediate spinal cord, a To determine in Bax//NT3/ mice whether the peripheral
phenotype similar to that observed in Er81/ mice (Arber axons of proprioceptive neurons innervate muscles in the
et al., 2000). Consistent with this observation, we find that absence of NT3 signaling, we searched for the presence
DRG neurons from Bax//NT3/ mice express markedly of Parvalbumin axons in the soleus nerve at P0 (Figure
reduced levels of ER81 protein, and we show that exoge- 2). Parvalbumin axons were found to extend through the
nous NT3 can induce the expression of ER81 in proprio- soleus nerve and penetrated the soleus muscle in P0 wild-
ceptive neurons of DRG explant cultures. Furthermore, we type (Bax//NT3/) mice (Figure 2B). In contrast, in the
provide evidence that a peripheral rather than a central Bax//NT3/ mice (Figure 2C), no Parvalbumin axons
source of NT3 is required for ER81 expression and central were detected in the soleus nerve at P0, despite the fact
that Parvalbumin axons could be detected in the spinaltargeting of group Ia and II afferents toward motor neurons.
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405
Figure 1. Proprioceptive DRG Neurons Survive in Bax//NT3/ Mice
(A) L4 DRG neuron and L4 dorsal root axon counts at P0. There is no significant difference in the number of DRG neurons between Bax//
NT3/ (14,160  1013) and Bax//NT3/ (12,932  758) mice. These values represent a 64% and 50% increase, respectively, over wild-type
(8618  483). Note that the number of dorsal root axons corresponds well with the number of DRG neurons for each genotype, demonstrating
that the additional DRG neurons in Bax//NT3/ and Bax//NT3/ mice extend their central axons through the dorsal roots toward the
spinal cord.
(B–D) Parvalbumin immunohistochemistry in P0 DRG sections. In wild-type DRG (B), Parvalbumin expression is found in large neurons (arrows),
consistent with expression by proprioceptive neurons. As expected, Parvalbumin immunoreactivity is virtually absent in DRG sections from
the Bax//NT3/ mice (C), consistent with the complete loss of proprioceptive neurons in these mice. In contrast, numerous Parvalbumin
neurons can be seen in DRG sections from Bax//NT3/ mice (D; arrows). Note, however, that these rescued Parvalbumin neurons are
considerably smaller than Parvalbumin neurons in wild-type DRG.
cord (see below). Because NT3 could, in principle, regulate jections in Bax//NT3/ embryos at E15 and E17. E15
represents the earliest stage at which muscle spindle for-the levels of Parvalbumin expression rather than the pres-
ence of peripheral axons themselves, we characterized mation in the mouse embryo can be detected, as assessed
by the expression of the zinc finger transcription factorfurther the extent of peripheral innervation through axon
counts in the soleus nerve at P0 (Figure 2A). We detected Egr3 and the ETS protein Pea3 (Tourtellotte et al., 2001;
Hippenmeyer et al., 2002). At E15, we detected Egr3 immu-a 64% decrease in the number of axons in the Bax//
NT3/ mice when compared with the Bax//NT3/ mice noreactivity in the distal hindlimb muscles of wild-type
embryos in approximately 15% of the longitudinal sectionseven though the number of DRG neurons in the two mu-
tants were similar (see Figure 1A). These findings indicate examined (n  3, data not shown). In contrast, in E15
Bax//NT3/ embryos, we did not detect Egr3 immunore-that proprioceptive sensory axons fail to innervate their
target muscles in Bax//NT3/ mice. activity in distal hindlimb muscles in any of the sections
examined (n  3). At E17, Egr3 is robustly expressed byMuscle spindles are peripheral end organs innervated
by proprioceptive neurons, and their development and intrafusal muscle fibers in wild-type embryos, and clusters
of Egr3 fibers could be detected in roughly 15% of themaintenance are regulated by contacts of group Ia and II
afferents with myotubes (Kucera and Walro, 1987, 1988). sections through both forelimb and hindlimb muscles
(arrows in Figures 3A–3C and 3E). In contrast, in Bax//The morphology and number of muscle spindles in the
soleus muscle were identical in Bax//NT3/ and wild- NT3/ embryos analyzed at E17, no Egr3 fibers were
detected in distal forelimb and hindlimb (n  3; Figurestype mice (Figure 2A). In contrast, we found no muscle
spindles in soleus muscles of Bax//NT3/ or Bax// 3D and 3F).
As in P0 mice, no Parvalbumin axons were detectedNT3/ mice at P0 (Figure 2A). Collectively, the failure to
detect Parvalbumin axons in the soleus nerve, the defi- in hindlimb nerves of Bax//NT3/ embryos at E15 or E17
(data not shown). To assess whether the expression ofciency in axon number, and the absence of muscle spin-
dles in the soleus muscle demonstrate a developmental Parvalbumin may not reveal the full extent of peripheral
projections in Bax//NT3/ embryos, we used DiI crystalsfailure of proprioceptive neurons to innervate their periph-
eral muscle targets or an early retraction of these axonal applied to sciatic nerves as an independent means of
tracing peripheral projections. In wild-type embryos, thisprocesses.
To distinguish between these two possibilities, we as- method readily revealed annulospiral endings characteris-
tic of spindle afferents in soleus and plantaris muscles atsessed the development of peripheral proprioceptive pro-
Neuron
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Figure 2. Peripheral Proprioceptive Axons and Muscle Spindles Are Absent at P0 in Bax//NT3/ Mice
(A) Axon counts in the nerve to the soleus muscle at P0 reveal that the number of axons is reduced in Bax//NT3/ (70  4) mice compared
to Bax//NT3/ (126  23), even though the number of DRG neurons is equivalent in the two mutants. Furthermore, muscle spindle counts
reveal the absence of soleus muscle spindles in Bax//NT3/ and Bax//NT3/ mice.
(B and C) Parvalbumin axons can be seen in the nerve to the soleus muscle (outlined by arrows) from wild-type P0 mice. These axons extend
through the nerve and penetrate the muscle (M) in the wild-type controls. However, in the Bax//NT3/ mice, Parvalbumin immunoreactivity
is absent in the nerve to the soleus.
E17 (Figure 3G, arrows). Interestingly, some axons with embryos, proprioceptive axons entered the spinal cord
and followed a trajectory similar to that in wild-type con-similar morphology were labeled in soleus and plantaris
muscles of Bax//NT3/ embryos, analyzed at the same trols (n 4; Figure 4C, arrows). However, in Bax//NT3/
embryos, proprioceptive axons stopped in the intermedi-age (Figures 3H and 3I). These axons were invariably in
close proximity to the main nerve trunk and did not extend ate zone of the spinal cord and failed to project toward
motor neurons in the ventral horn (Figure 4, yellow aster-to lateral aspects of the muscle. Since no Parvalbumin or
Egr3 expression could be detected in these preparations, isks). Parvalbumin immunostaining in Bax//NT3/ re-
vealed the presence of proprioceptive afferents in the ven-our results do not resolve definitively whether these axons
correspond to proprioceptive afferents. Nevertheless, tral horn of the spinal cord, indicating that the projection
defect observed in Bax//NT3/ mice is due to the ab-these findings reveal an embryonic defect in the develop-
ment of peripheral projections of proprioceptive afferents sence of NT3 rather than the absence of BAX (data not
shown). In order to quantify DiI-labeled proprioceptive af-and a corresponding defect in the initiation of muscle
spindle differentiation by these proprioceptive afferents. ferents, we measured the fluorescence intensity of DiI-
labeled afferents in Bax//NT3/ and Bax//NT3/ mice
at E15. The mean fluorescence intensity measurementsProprioceptive Axons Fail to Extend into the Ventral
of DiI-labeled afferents in the intermediate zone of Bax//Horn in Bax//NT3/ Mice
NT3/ mice were comparable to the mean density mea-The growth of the central and peripheral axon branches
surements of DiI-labeled afferents in the ventral horn ofof TrkA-expressing DRG neurons is differentially regulated
Bax//NT3/ mice with a ratio of 1.02 (Bax//NT3/by NGF signaling (Patel et al., 2000). In order to assess
versus Bax//NT3/), indicating that the overall numberwhether proprioceptive neurons extend their axons cen-
of proprioceptive collaterals was roughly comparable intrally into the spinal cord in the absence of NT3 signaling,
the two mutants.we counted dorsal root axons at P0 by sampling electron
To examine whether axonal projections into the ventralmicrographs of lumbar dorsal root sections (Figure 1A).
spinal cord were simply delayed developmentally, weAcross all genotypes, there was a tight correspondence
traced central projections with DiI at E17 (Figures 4D andbetween DRG neuronal number and dorsal root axon
4E) and P0 (Figures 4F and 4G). No afferent projectionscounts, indicating that surviving neurons in Bax//NT3/
were detected in the ventral horn at either of these ages inembryos do extend their central processes into the dorsal
Bax//NT3/ embryos (E17, n3; P0, n2). Parvalbuminroots, toward the spinal cord (Figure 1A).
staining at P0 verified that these axons were indeed fromTo characterize further the central projections of pro-
proprioceptive afferents (n  3, data not shown).prioceptive afferents, we traced the axons into the spinal
cord at E15, by DiI labeling (Figure 4). By E15, propriocep-
tive afferents have started to invade the ventral horn at all Proprioceptive DRG Neurons Show Reduced ER81
Expression in the Absence of NT3 Signalinglevels of the spinal cord in wild-type mice (Figure 4A). In
Bax//NT3/ embryos, DiI-labeled axons projected only A defect in the central projections of proprioceptive af-
ferents similar to that in Bax//NT3/ mice occurs ininto the dorsal laminae of the spinal cord, consistent with
the early death of proprioceptive neurons observed in the mice lacking the ETS transcription factor Er81 (Arber et
al., 2000). The failure of proprioceptive axons to projectabsence of NT3 (Figure 4B). In contrast, in Bax//NT3/
NT3 Regulates ER81 and Central Patterning
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Figure 3. Muscle Spindles Do Not Develop in the Absence of NT3 Signaling in Bax//NT3/ Mice
(A–F) Egr3 immunoreactivity in distal hindlimb and forelimb skeletal muscle. In cross-sections through wild-type soleus muscle (A–C) and
longitudinal sections through the distal forelimb (E), Egr3 immunoreactivity is present in intrafusal muscle fibers at E17. Egr3 immunoreactivity
is absent in hindlimb (soleus in D) and forelimb (F) muscles in Bax//NT3/ mice.
(G–I) DiI-labeled peripheral axons in distal hindlimb muscles at E17. The endings of proprioceptive afferents exhibit a characteristic annulospiral
structure in the wild-type soleus muscle (G; arrow). A few spiral-like axonal endings are found in the soleus and plantaris muscles from Bax//
NT3/ mice (H and I, arrows). In contrast to controls, such endings in Bax//NT3/ mice are invariably in close proximity to the major nerve trunk.
into the ventral horn in both Bax//NT3/ and Er81/ but this reflects the loss of all proprioceptive neurons
(Figure 5F).mutants raised the possibility that the central projection
defect observed in Bax//NT3/ mice is mediated To assess whether there was a similar reduction in
Er81 mRNA in the Bax//NT3/ embryos, we examinedthrough regulation of ER81 expression. The subset of
DRG neurons that express ER81 coexpress TrkC and Er81 mRNA levels in E15 lumbar level DRGs by in situ
hybridization (n  2; Figures 5I–5K). Compared to wild-Parvalbumin and correspond to proprioceptive afferents
(Arber et al., 2000). We examined whether propriocep- type, we observed a marked reduction in the number
of DRG neurons expressing Er81 mRNA in DRG fromtive DRG neurons expressed ER81 in Bax//NT3/
mice. Unlike at P0, the cross-sectional area of Parval- Bax//NT3/ embryos. In addition, the intensity of the
Er81 mRNA labeling in individual neurons was reducedbumin DRG neurons in wild-type and Bax//NT3/
mice was equivalent at E15 (781  37 m2 in wild-type in the Bax//NT3/ DRG compared to wild-type.
The effect of NT3 on ER81 expression appears to beand 727  32 m2 in Bax//NT3/ embryos; Figures
5A–5C). The intensity of Parvalbumin staining, however, selective to DRG neurons. Subsets of motor neurons in
the ventral horn of the spinal cord also express ER81appeared to be fainter in DRG from the Bax//NT3/
mice than wild-type. At E15, numerous ER81 neurons (Arber et al., 2000). At E15, Er81 mRNA and ER81 protein
(Figures 5L–5O) were expressed in similar patterns inwere detected in DRGs from wild-type (Figure 5E) and
Bax//NT3/ mice (not shown), but no ER81 protein lumbar regions of the spinal cord in wild-type and Bax//
NT3/ embryos. In addition, to assess whether the regu-expression was detected in DRG sections from Bax//
NT3/ embryos (n  4; Figure 5G). ER81 expression lation of ETS genes by NT3 is restricted to ER81, we
assessed the expression of Pea3, a member of the ETSwas also not detected in DRGs of Bax//NT3/ mice,
Neuron
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Figure 4. Central Proprioceptive Projections Do Not Reach the Ventral Spinal Cord in Bax//NT3/ Mice
DiI tracing of the central DRG projections at E15 (A–C), E17 (D and E), and P0 (F and G). In E15 wild-type embryos (A), proprioceptive axons
(arrows) penetrate the spinal cord and project ventrally to the motor neurons in the ventral horn (yellow asterisks) of the spinal cord. As
expected, the ventrally projecting proprioceptive axons are absent in the spinal cord of E15 Bax//NT3/ mice (B). In E15 Bax//NT3/ mice
(C), the axons (arrows) of the rescued proprioceptive neurons penetrate the spinal cord but extend only as far as the intermediate spinal cord
and do not project to the motor neurons in the ventral horn (yellow asterisks). DiI-labeled central projections at E17 (D and E) and P0 (F and
G) reveal that the proprioceptive axons of Bax//NT3/ mice never innervate the motor neurons in the ventral horn of the spinal cord.
gene family closely related to Er81, in DRG neurons of of Isl1 neurons within 3 hr of culturing the explants,
and expression was maintained for up to 18 hr in vitroBax//NT3/ embryos. Pea3 is expressed by both a
subset of proprioceptive afferents and a subset of cuta- (Figure 6). In contrast, no expression of ER81 was de-
tected in DRG explants cultured in the presence of NGFneous DRG neurons (Arber et al., 2000). There was no
noticeable difference in patterns or levels of Pea3 mRNA for 18 hr (Figure 6).
To rule out the possibility that NT3-dependent DRGexpression between DRGs from wild-type and Bax//
NT3/ embryos (Figures 5P and 5Q). This result provides neurons die within a few hours of NT3 deprivation in
vitro, we cultured E12.5 DRG explants from Bax/ em-evidence for specificity of NT3 in regulating ER81 ex-
pression in DRG neurons although it does not absolutely bryos for 18 hr in the presence or absence of NT3. Both
NGF- and NT3-dependent neurons from Bax/ DRGexclude the possibility that Pea3 expression in proprio-
ceptive but not cutaneous sensory neurons is affected. neurons survive several days in vitro in the absence of
neurotrophin signaling (Lentz et al., 1999). Consistent
with the results from wild-type explants, we found nu-NT3 Induces ER81 Expression in Proprioceptive
merous ER81 neurons in Bax/ DRG explants culturedDRG Neurons
in the presence of NT3 for 18 hr in vitro (Figures 7E andThe absence of ER81 expression in DRG from Bax//
7F). In contrast, few if any ER81 neurons were foundNT3/ mice and the similarity in the central projection
in DRG explants cultured in the absence of NT3 (Figuresphenotype with Er81/ mice raises the possibility that
7B and 7C).NT3 is responsible for the induction of ER81 in DRG
neurons. To test this hypothesis, we cultured wild-type
mouse DRG in vitro in the presence or absence of NT3 Sources of NT3 Regulating ER81 Expression
and the Development of Central Projectionsand assessed ER81 protein expression. Since the onset
of ER81 expression in DRG does not occur until E13 in of Proprioceptive Neurons
We next addressed the question of whether the sourcevivo (Arber et al., 2000), DRG explants were cultured
from E11.5 and E12.5 (not shown) embryos. We did not of NT3 responsible for regulating ER81 expression in
proprioceptive neurons and the development of ventraldetect ER81 immunoreactivity in DRG explants cultured
in the absence of NT3 at any time point up to 18 hr projections by group Ia and II afferents is located periph-
erally or within the spinal cord.even though many DRG neurons expressed the LIM
homeodomain protein Isl1. In the presence of NT3, in- Within the developing spinal cord, motor neurons are
known to be a major source of NT3 (see Wright et al.,duction of ER81 expression was detected in a subset
NT3 Regulates ER81 and Central Patterning
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Figure 5. Proprioceptive DRG Neurons Do Not Express ER81 in the Absence of NT3 Signaling
(A–D) Parvalbumin neurons are found in lumbar DRG sections from E15 wild-type and Bax//NT3/ mice. As expected, Parvalbumin neurons
are not found in DRG sections from Bax//NT3/ mice. Parvalbumin-expressing neurons are also rescued in myoNT3/NT3/ mice.
(E–H) Numerous ER81-expressing neurons are present in the wild-type E15 DRG. In contrast, ER81 immunoreactivity is absent in DRG sections
from the E15 Bax//NT3/ mice even though the proprioceptive neurons survive and express Parvalbumin in these mice. ER81 expression
is rescued in DRG neurons from myoNT3/NT3/ mice.
(I–K) Consistent with the absence of ER81 immunoreactivity in Bax//NT3/ DRG neurons, there is also a marked reduction in Er81 mRNA
levels as revealed by in situ hybridization. However, mRNA expression is not abolished in Bax//NT3/ DRG neurons.
(L–O) In situ hybridization and immunohistochemistry reveal that expression of Er81 mRNA (L and M) and protein (N and O) in a subset of
spinal motor neurons (arrows) is unaffected in Bax//NT3/ mice (dots demarcate the boundary of the ventral horn).
(P and Q) In situ hybridization reveals no qualitative difference in pattern or levels Pea3 mRNA expression between DRGs from E15.5 wild-
type and Bax//NT3/ mice. Also note that Pea3 mRNA is present in motor neurons of both wild-type and Bax//NT3/ mice (arrows).
1997, and references therein). We therefore analyzed overexpressing NT3 in skeletal muscles under the con-
trol of the myogenin promoter (myoNT3 mice). In myo-a mouse mutant in which motor neurons are ablated
genetically by diphtheria toxin expression as soon as NT3/NT3/ mice, Parvalbumin proprioceptive neurons
are rescued from apoptotic cell death and these rescuedthey are postmitotic, and thus long before group Ia and
II afferents project into the ventral spinal cord (Yang et neurons project their axons to the ventral horn of spinal
cord (Wright et al., 1997). We examined ER81 expressional., 2001; Pun et al., 2002). In these mice we found normal
expression of both ER81 and Parvalbumin in DRG neu- in lumbar DRGs from E15 myoNT3/NT3/ mice. As re-
ported previously (Wright et al., 1997), Parvalbumin expres-rons at E17.5 (Figures 8A–8F). Group Ia and II afferents
innervated the muscles and were capable of inducing sion was restored by NT3 expression in muscle (Figure 5D).
Furthermore, we found that in these animals, numerousmuscle spindles expressing Pea3 (Figures 8G–8J). In
addition, the central projections of proprioceptive affer- DRG neurons express ER81 (Figure 5H).
Finally, in order to define the neuronal cell type in whichents in these mice were not impaired in their ability
to project into the ventral spinal cord (Figures 8K–8N), ER81 exerts its role in controlling the development of cen-
tral projections of proprioceptive afferents in the ventralarguing against a role for motor neuron-derived NT3 in
the induction of ER81 in proprioceptive afferents and spinal cord, we generated a targeted allele of Er81 in which
the first exon coding for the DNA binding ETS domain wasthe control of the central patterning of group Ia and II
afferents. flanked by loxP sites (Figure 9A). This mouse strain was
crossed to Isl1Cre mice to eliminate Er81 expression exclu-Second, to assess whether peripheral NT3 is sufficient
to restore the expression of ER81 in NT3/ mice, we sively in DRG neurons, motor neurons, and a subpopula-
tion of dorsal interneurons in the spinal cord (Srinivas etcrossed NT3/ mice with a strain of mice selectively
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Figure 6. Rapid Induction of ER81 Expres-
sion by NT3 in E11.5 DRG Explants
ER81 expression is induced in the presence
of NT3 in a subset of Isl1 DRG neurons
within 3 hr of culturing the explants. In the
presence of NGF, however, even after 18 hr
in vitro, ER81 expression is not induced in
DRG neurons.
al., 2001) but not in ER81 expressing interneurons in the development of proprioceptive projections to the ventral
spinal cord.intermediate and dorsal spinal cord. In Isl1Cre/Er81flox/
mice, ER81 protein failed to be expressed in DRG neurons
(Figures 9D and 9E), and Parvalbumin proprioceptive af-
Discussionferents entered the spinal cord appropriately but termi-
nated prematurely in the intermediate zone of the spinal
cord (Figure 9G), similar to the findings in constitutive NT3 is a powerful regulator of DRG neuronal number in
vivo and proprioceptive neuron morphology in vitro, butEr81/ mice (Arber et al., 2000). These findings thus ex-
clude a role for ER81-expressing interneurons in the inter- relatively little is known about the effects of NT3 on pro-
prioceptive axon extension and targeting during develop-mediate zone of the spinal cord or ER81-expressing mus-
cle spindles in affecting the targeting of proprioceptive ment in vivo. In this study, we have shown that in Bax//
NT3/ mice, proprioceptive DRG neurons survive throughafferents to the ventral spinal cord.
Taken together, our findings suggest a model in which embryonic development. However, the surviving NT3-
deprived neurons exhibit both peripheral and central pro-NT3 derived from the periphery is required to control ex-
pression of ER81 in proprioceptive DRG neurons. This jection defects. The peripheral processes of propriocep-
tive neurons fail to support muscle spindle differentiationETS protein in turn controls, in a cell-intrinsic manner, the
NT3 Regulates ER81 and Central Patterning
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Figure 7. Induction of ER81 Expression in
E12.5 Bax/ DRG Explants Is NT3 Dependent
Confocal images of neurofilament (SMI31; [A
and D]) and ER81 and staining (B and E) in
DRG explants from E12.5 Bax/ mice. ER81
neurons are found after 18 hr in vitro in the
presence of NT3 (E and F). Few if any Bax/
DRG neurons exhibit ER81 immunoreactivity
in the absence of NT3 (B and C), even after
18 hr. Neurofilament staining demonstrates
that Bax/ DRG neurons survive in vitro for
18 hr even in the absence of neurotrophin
signaling.
and there is a reduction in the number of axons in the number remains unclear but several hypotheses have
been put forward to explain the severe neuronal lossessoleus nerve at P0. Central processes extend through
the dorsal roots into the dorsal columns and branch and observed in the NT3/ mice. Some studies have favored
direct regulation of the cell cycle by NT3 (Verdi et al., 1996;arborize in the intermediate spinal cord but fail to reach
the motor neurons in the ventral horn. Furthermore, we Ockel et al., 1996) and therefore imply a control of neuron
number through the regulation of precursor cell prolifera-find that in the absence of NT3 signaling, proprioceptive
DRG neurons do not express the ETS family transcription tion. Other studies have suggested that the proliferating
precursors in the DRG that express TrkC undergo apopto-factor ER81, and conversely NT3 is able to induce ER81
expression in E11 and E12 DRG neurons. Finally, we find sis in the absence of NT3, resulting in a depletion of neu-
ronal precursors and in the generation of fewer neuronsthat a peripheral source of NT3 is sufficient to induce
ER81 expression by DRG neurons in vivo. These findings (ElShamy and Ernfors, 1996). Finally, still other studies of
TrkC/ and NT3/ mice have suggested that failure ofestablish a role for peripheral NT3 in the regulation of
proprioceptive afferent projections to motor neuron via NT3 to activate TrkB during the proliferation stage of neu-
rogenesis causes DRG precursors to exit the cell cyclethe regulation of ER81 expression.
prematurely, resulting in a smaller precursor pool (Farinas
et al., 1996, 1998). Characterization of Trk protein expres-
NT3 Regulates DRG Neuron Number sion has demonstrated that sensory neuron precursors
via Control of Apoptosis do not express TrkB or TrkC, suggesting that effects on the
Our findings demonstrate that elimination of BAX restores proliferating population are indirect (Farinas et al., 1998).
DRG neuronal number, as evidenced by a50% increase The current findings demonstrate that deletion of Bax
in the number of DRG neurons even in the absence of restores DRG neuron number in the absence of NT3 signal-
NT3 signaling. The increase in the number of DRG neurons ing. Since the Bax deletion is thought selectively to affect
in Bax//NT3/ mice is comparable to that found in Bax/ the ability of DRG neurons or their precursors to enter an
mice and is presumably due to the elimination of naturally apoptotic cell death program and does not influence their
occurring cell death. capacity to proliferate (Deckwerth et al., 1996; White et
There are two important aspects to NT-3 regulation of al., 1998), our findings suggest that the effects of NT3 on
DRG neuronal number. First, 20% of DRG neurons, in- DRG neuronal number are mediated via the inhibition of
cluding the entire proprioceptive afferent population, ex- apoptosis. This conclusion leaves open the question of
press TrkC from E11 through postnatal life (Mu et al., 1993; whether NT3 regulates the survival of precursors and/or
Wright and Snider, 1995; White et al., 1996), and 20%–35% postmitotic neurons. It is also possible that the early death
of DRG neurons are lost in TrkC mutant mice (Klein et al., of TrkB and TrkC neurons, or their precursors, could de-
1994; Tessarollo et al., 1997). Therefore, NT3/TrkC signal- crease the proliferation of neighboring cells. Our results
ing is thought to regulate survival of proprioceptive neu- do, however, argue against the idea that the direct regula-
rons in a manner analogous to regulation of the nociceptive tion of proliferation by NT3 is likely to be a critical determi-
population by NGF/TrkA signaling (Crowley et al., 1994; nant of DRG neuronal number.
Smeyne et al., 1994). In contrast to findings in TrkC/
mice, NT3/ mice exhibit reductions of 60%–70% in DRG
neuron number (Ernfors et al., 1994; Farinas et al., 1994; NT3 Regulates Peripheral Components
of the Proprioceptive Systemsee also results from this study), raising the question as
to the mechanism of action of NT3 on DRG neuron survival Proprioceptive DRG neurons survive in Bax//NT3/
mice, but we find that their peripheral projections andat early developmental stages.
The mechanism by which NT3 regulates DRG neuronal associated muscle spindles are absent at P0. Thus, in the
Neuron
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Figure 8. Proprioceptive Afferent Development in the Absence of Motor Neurons
(A–F) ER81 (A and D), ER81 and Isl1 (B and E), and Parvalbumin (C and F) immunocytochemistry on E17.5 brachial DRG from Isl2DTX (A–C)
and Isl2DTX/Hb9Cre (D–F) embryos.
(G–J) Analysis of muscle spindle differentiation by Parvalbumin (PV) and -bungarotoxin (G and H) immunocytochemistry or Pea3 in situ
hybridization (I and J) on forelimb muscles of E17.5 Isl2DTX (G and I) and Isl2DTX/Hb9Cre (H and J) embryos.
(K–N) Analysis of central projections of proprioceptive afferents by Parvalbumin immunocytochemistry on spinal cords of E17.5 Isl2DTX (K and
M) and Isl2DTX/Hb9Cre (L and N) embryos. Arrows point to the ventral horn of the spinal cord where group Ia and II afferents normally terminate.
absence of NT3 signaling, there is a failure of peripheral The lack of appropriate development of peripheral end-
ings of proprioceptive afferents and associated sensoryproprioceptive axons either to grow toward their skeletal
muscle targets during development, or alternatively a re- organs observed in Bax//NT3/ mice is analogous to
our previous observations in Bax//NGF/ mice in whichtraction of these processes with subsequent degeneration
of the muscle spindles. Analysis of the expression of the TrkA nociceptive DRG neurons survive but their periph-
eral cutaneous projections are absent at P0 (Patel et al.,zinc finger transcription factor Egr3 (Tourtellotte and Mil-
brandt, 1998) in muscles of Bax//NT3/ at E15 and E17 2000). Together, these findings suggest a generality in the
principle that neurotrophins are essential for the establish-revealed no staining for Egr3, arguing that Egr3 expression
is never initiated in these mice. While we also never de- ment and/or maintenance of peripheral sensory projec-
tions in vivo.tected Parvalbumin proprioceptive afferents in muscles
of Bax//NT3/, which may be caused by the low expres-
sion level of Parvalbumin by these afferents, an indepen-
dent tracing experiment revealed some peripheral axons NT3 Regulates Proprioceptive Afferent Projections
into the Ventral Spinal Cordin distal limb muscles with a morphology similar to annul-
ospiral endings of group Ia or II afferents. An intriguing via Regulation of ER81 Expression
A striking finding of this study is that proprioceptive grouppossibility would thus be that proprioceptive afferents are
present transiently in muscle nerves of Bax//NT3/ mice, Ia and II afferents fail to extend into the ventral spinal cord
in the absence of NT3 signaling. Nevertheless, the initialbut do not release Neuregulin-1, which is thought to medi-
ate initiation of muscle spindle differentiation (Hippen- extension of proprioceptive afferents into the dorsal roots
and their initial arborization into the dorsal spinal cordmeyer et al., 2002).
NT3 Regulates ER81 and Central Patterning
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Figure 9. ER81 Acts in Proprioceptive Affer-
ents to Control Central Connectivity
(A) Schematic diagram of targeting strategy
for the Er81flox allele.
(B–E) ER81 (B and D) and ER81/Isl1 (C and E)
immunocytochemistry on E17.5 lumbar DRG
from wild-type (B and C) and Isl1Cre/Er81flox/
(D and E) embryos demonstrates absence of
ER81 protein in DRG of Isl1Cre/Er81flox/.
(F and G) Analysis of central projections of
proprioceptive afferents by Parvalbumin im-
munocytochemistry on E17.5 lumbar spinal
cords of wild-type (F) and Isl1Cre/Er81flox/ (G)
embryos.
proceed normally in the Bax//NT3/ mutants. This find- NT3 regulates central proprioceptive afferent projections
through its ability to regulate ER81 in proprioceptive af-ing is consistent with our observations in Bax//NGF/
and Bax//TrkA/ mice in which the extension of the ferents.
ER81 is a member of the ETS family of transcriptioncentral nociceptive projections into spinal cord proceeds
normally in the absence of NGF/TrkA signaling (Patel et factors, an evolutionary conserved gene family character-
ized by sequence homology within the DNA binding ETSal., 2000). Since neither NT3 nor NGF are expressed in the
dorsal roots or the dorsal horn of the spinal cord, the domain (reviewed in Bartel et al., 2000). It is unclear how
ER81 regulates the targeting of proprioceptive afferentsextension of the central sensory axonal processes appears
not to require neurotrophin signaling. to motor neurons in the ventral horn of the spinal cord,
but there is growing evidence that ETS family membersWhy, in Bax//NT3/ mice, do the central group Ia and
II projections extend only as far as the intermediate spinal play a role in regulating late steps in the establishment
of sensory-motoneuron connectivity. In Pea3/ mice, thecord and fail to project into the ventral horn? The targeting
defect in Bax//NT3/ mice is similar to that seen in mice axons of specific pools of motor neurons fail to invade
and branch normally within their target muscles and thelacking the ETS family transcription factor ER81. We find
that proprioceptive DRG neurons in the Bax//NT3/ do cell bodies of these motor neurons are mispositioned
within the spinal cord (Livet et al., 2002). Limb-derivednot express ER81 protein and that ER81 expression can
be induced rapidly by application of NT3 in DRG explant signals, mediated in part by GDNF, regulate the expression
of ETS proteins in motor neurons (Livet et al., 2002; Haasecultures. NT3 expression by motor neurons does not ap-
pear to be required for the induction of ER81 in DRG. et al., 2002). Thus, an important implication of our findings,
together with studies on PEA3, is that ETS genes actMoreover, peripheral NT3 can restore both the expression
of ER81 in DRG as well as the development of central cooperatively at a late step of development to establish
functional sensory-motor circuitry. In turn, ETS gene ex-projections of proprioceptive afferents into the ventral spi-
nal cord in NT3/ mice. Since selective elimination of pression is regulated by neurotrophic factors released
from peripheral target tissues.ER81 in DRG and motor neurons recapitulated the Er81/
phenotype, ER81 expression by interneurons in the inter- It is interesting that NT3 regulates ER81 expression in
proprioceptive sensory but not spinal motor neurons evenmediate zone of the spinal cord and by intrafusal muscle
fibers is not crucial to proprioceptive-motor neuron tar- though both of these neuronal classes express the NT3
receptor TrkC during embryonic development (Yan et al.,geting. Together, these findings suggest that peripheral
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1993). This is one of several examples of differences in affecting the projections of proprioceptive afferents
(Oakley et al., 1995). Our evidence demonstrates that NT3NT3 actions on these two types of neurons; for example,
regulates targeting of proprioceptive afferents to motorunlike proprioceptors, motor neurons do not require NT3
neurons via a different mechanism—the regulation of ER81for survival. Little is known about differences in Trk intra-
expression and presumed subsequent effects on genecellular signaling mediators that may be responsible for
transcription through a peripheral source of NT3. At a laterneuron class-specific effects.
stage, local regulation of proprioceptive axon branchingOne important question is the identity of downstream
in the vicinity of the motor pools may involve Wnt signalstargets of ER81 that regulate the projection of propriocep-
derived from motor neurons (Krylova et al., 2002).tive axons. Given the specificity of the central propriocep-
Since there is a peripheral projection defect in Bax//tive targeting defect in Er81/ and Bax//NT3/ mice,
NT3/ mice, it could also be argued that target-derivedER81 may be involved in regulating the expression of axon
factors in addition to NT3 are required to direct propriocep-guidance and/or cell recognition molecules. Candidates
tive afferents to the ventral horn. Two lines of evidenceinclude the type II cadherins. In developing chick DRG,
suggest that NT3 has the predominant role. In chick, whentype II cadherin family members are coexpressed with
proprioceptive axons are deprived of their peripheral tar-ETS family members ER81 and PEA3 in proprioceptive
gets by limb bud ablation, exogenous application of NT3neurons and spinal motor neurons. A matching of cadherin
is sufficient to direct projection of muscle afferents appro-expression in proprioceptive sensory and motor neurons
priately within the spinal cord (Oakley et al., 1997). Further-could therefore provide a basis for the selectivity with
more, peripherally supplied NT3 is sufficient to direct cen-which sensory-motoneuron connections are formed (Price
tral projections to motor pools even if the peripheralet al., 2002). It is possible that NT3 regulation of ER81
proprioceptive axon is misrouted in the periphery andexpression regulates the expression of type II cadherins
therefore exposed to atypical peripheral influencesin proprioceptive DRG neurons. Indeed, ectopic expres-
(Oakley and Karpinski, 2002). Interestingly, target-derivedsion of ER81 results in the deregulation of at least one
NT3 also exerts important influences on proprioceptivetype II cadherin family member in the chick spinal cord
afferent-motor neuron connections at later developmental(Price et al., 2002), and Pea3/ mice show an altered
stages and into maturity. Thus, intramuscular injectionsprofile of type II cadherin expression in motor neurons
of NT3 rescue the functional deficit in group Ia and II(Livet et al., 2002).
synaptic transmission observed in Egr3/ mice whereFinally, ER81 is unlikely to be the only transcription factor
proprioceptors lose their peripheral target end organ due
involved in controlling the development of central connec-
to progressive degeneration of muscle spindles after birth
tivity of group Ia and II afferents. Recently, a Runx family
(Tourtellotte and Milbrandt, 1998; Chen et al., 2002). Fur-
transcription factor Runx3 has been shown to be an essen- thermore, administration of NT3 rescues the defect in
tial regulator of proprioceptive DRG neuron development group Ia and II synaptic transmission that results from
(Levanon et al., 2002; Inoue et al., 2002). Runx3 mutant separation of proprioceptive afferents from their targets
mice exhibit severe limb ataxia due to disruption of mono- by axotomy in fully mature animals (Mendell et al., 1999).
synaptic connectivity between proprioceptive afferents Thus, a single target-derived neurotrophic factor appears
and motor neurons. The central projection defect in the to regulate both the development and function of this
Runx3/ mice is more severe than that reported in Er81/ sensory-motor circuit.
mice (Arber et al., 2000) and than that reported here in the
Bax//NT3/ mice. Specifically, in Runx3/ mice, pro- Experimental Procedures
prioceptive DRG neurons fail to extend central processes
Animalsinto the intermediate spinal cord. In contrast, in the Bax//
Bax/ mice on a 129/Bl6 background (from Dr. Stan Korsemeyer)NT3/ and Er81/ mice, proprioceptive afferents extend
were crossed with NT3/ mice also on a 129/Bl6 background to
as far as the intermediate zone but fail to extend into the generate Bax//NT3/ mice. Bax/ and NT3/ mice maintained
ventral horn. These findings raise the possibility that Runx3 on a pure C57Bl/6 genetic background (Jackson Labs) were also
crossed to produce Bax//NT3/ mice. Results from the two ge-and ER81 function coordinately for proper targeting of
netic backgrounds were indistinguishable. Genotypes were con-group Ia and II afferents to the ventral horn.
firmed by tail DNA PCR (Deckwerth et al., 1996; Wright et al., 1997).
Er81flox mice were generated by the integration of loxP sites 5 and
3 of Exon11 in the Er81 locus in a targeting strategy analogous to
Roles of Neurotrophic Factors in Axon Targeting Arber et al. (2000). Isl1Cre, Hb9Cre, and Isl2DTX mice have been de-
Our study and the prior studies of Haase et al. (2002) and scribed previously (Srinivas et al., 2001; Yang et al., 2001; Pun et al.,
2002). The generation of myo-NT3 mice was described previouslyMa et al. (2002) establish an important role for neurotrophic
(Wright et al., 1997).molecules in regulating axon targeting. Surprisingly, their
effect on targeting is not due to the intensively studied Neuron and Nerve Fiber Counts
chemotropic function of these molecules (see O’Connor Neuron and axon counts in the different mutants were conducted
as described previously in detail in Patel et al. (2000).and Tessier-Lavigne, 1999; Tucker et al., 2001, and refer-
To measure the cross-sectional area of Parvalbumin DRG neu-ences therein). In the circuit considered here, NT3 is ex-
rons at E15 and P0, images of lumber DRG sections were capturedpressed by motor neurons well prior to projection of pro-
at 20 magnification and analyzed using the NIH image software.
prioceptive afferents into the ventral horn (see Wright et A minimum of 15 lumbar DRG sections from each mouse was cap-
al., 1997, and references therein). We show here that pro- tured. The outline of Parvalbumin cell bodies were manually traced
and diameter and cross-sectional area measurements were re-prioceptive afferents project toward the ventral horn even
corded.if motor neurons are ablated genetically. In addition, it has
been shown that a central source of NT3 is unimportant in Immunohistochemistry
the central targeting of proprioceptive axons since central E15, E17, and P0 mice were intracardially perfused with 4% para-
formaldehyde (PFA). Tissue was dissected, postfixed in 4% PFA,NT3 can be neutralized by anti-NT3 antibodies without
NT3 Regulates ER81 and Central Patterning
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washed extensively in PBS, and incubated in 30% sucrose/PBS. References
DRG, spinal cord, and limb sections were cut on a cryostat at 10
to 20 m. Sections were incubated in primary antibody overnight. Arber, S., Ladle, D.R., Lin, J.H., Frank, E., and Jessell, T.M. (2000).
The following antibodies were used: goat anti-Parvalbumin (1:500, ETS gene Er81 controls the formation of functional connections
Swant, Switzerland), guinea pig anti-Isl1 (Arber et al., 2000), rabbit between group Ia sensory afferents and motor neurons. Cell 101,
anti-Parvalbumin (1:5000, Swant, Switzerland), rabbit anti-Egr3 485–498.
(1:500, Santa Cruz, Santa Cruz, CA), and rabbit anti-ER81 (1:12,500;
Bartel, F.O., Higuchi, T., and Spyropoulos, D.D. (2000). Mouse mod-
Arber et al., 2000). Sections were washed in PBS and incubated
els in the study of the Ets family of transcription factors. Oncogenewith the appropriate Cy-2- or Cy-3-conjugated secondary antibod-
19, 6443–6454.ies (Jackson ImmunoReaserch, West Grove, PA), Alexa-488-conju-
Bibel, M., and Barde, Y.A. (2000). Neurotrophins: key regulators ofgated secondary antibodies (Molecular Probes), or fluorescently
cell fate and cell shape in the vertebrate nervous system. Geneslabeled -bungarotoxin (Molecular Probes) and prepared for visual-
Dev. 14, 2919–2937.ization. To confirm the absence of Egr3 immunoreactivity in E15
and E17 Bax//NT3/ muscles, we examined more than 100 hind- Brown, A.G. (1981). Organization in the Spinal Cord (New York:
limb and forelimb sections at E15 and more than 200 sections at Springer).
E17 from a total of three animals at each age.
Chen, H.H., Tourtellotte, W.G., and Frank, E. (2002). Muscle spindle-
derived neurotrophin 3 regulates synaptic connectivity between
muscle sensory and motor neurons. J. Neurosci. 22, 3512–3519.DiI Labeling
Copray, J.C., Mantingh-Otter, I.J., and Brouwer, N. (1994). Expres-To label the central DRG axon projections, DiI crystals (Molecular
sion of calcium-binding proteins in the neurotrophin-3-dependentProbes) were placed directly in the DRG at E15, E17, and P0. The
tissue was incubated at 37	C in 4% paraformaldehyde and moni- subpopulation of rat embryonic dorsal root ganglion cells in culture.
tored periodically to assess the extent of labeling. Spinal cords were Brain Res. Dev. Brain Res. 81, 57–65.
sectioned at 75 m on a vibratome for visualization. For labeling of Crowley, C., Spencer, S.D., Nishimura, M.C., Chen, K.S., Pitts-Meek,
peripheral axon projections, DiI crystals were placed in the sciatic S., Armanini, M.P., Ling, L.H., MacMahon, S.B., Shelton, D.L., Levin-
nerve proximal to the tibial and common peroneal branch points of son, A.D., et al. (1994). Mice lacking nerve growth factor display
E17 embryos and processed as above. perinatal loss of sensory and sympathetic neurons yet develop basal
To quantify DiI labeled afferents, mean intensity measurements
forebrain cholinergic neurons. Cell 76, 1001–1011.
in defined regions of the intermediate zone and ventral horn of
Deckwerth, T.L., Elliott, J.L., Knudson, C.M., Johnson, E.M., Jr.,spinal cord were obtained using the NIH Image analysis software.
Snider, W.D., and Korsmeyer, S.J. (1996). BAX is required for neu-Photoshop images were first converted to gray scale and inverted.
ronal death after trophic factor deprivation and during development.Images were then imported into NIH Image, and mean intensity
Neuron 17, 401–411.measurements of DiI-labeled afferents in a given area were re-
corded. Background corrections were made for each section. Mea- Eccles, J.C., Eccles, R.M., and Lundberg, A. (1957). The conver-
surements were made in a fixed area at a defined point for all gence of monosynaptic excitatory afferents onto many different
sections examined. The data were expressed as the ratio of mean species of alpha motoneurones. J. Physiol. 137, 22–50.
density measurements in the Bax//NT3/ mice versus the Bax//
ElShamy, W.M., and Ernfors, P. (1996). A local action of neuro-
NT/ mice.
trophin-3 prevents the death of proliferating sensory neuron precur-
sor cells. Neuron 16, 963–972.
Ernfors, P., Merlio, J.P., and Persson, H. (1992). Cells expressingIn Situ Hybridization
mRNA for neurotrophins and their receptors during embryonic ratIn situ hybridization was performed on fixed tissue sections ac-
development. Eur. J. Neurosci. 4, 1140–1158.cording to previously described protocols (Wright and Snider, 1995;
Patel et al., 2000) using digoxigenin-labeled sense and antisense Ernfors, P., Lee, K.F., Kucera, J., and Jaenisch, R. (1994). Lack of
riboprobes for Er81 and Pea3. neurotrophin-3 leads to deficiencies in the peripheral nervous sys-
tem and loss of limb proprioceptive afferents. Cell 77, 503–512.
Farinas, I., Jones, K.R., Backus, C., Wang, X.Y., and Reichardt, L.F.Explant Cultures
(1994). Severe sensory and sympathetic deficits in mice lackingFor ER81 induction studies, E11.5 and E12.5 wild-type DRG were
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plemented with 10% FCS and 2 mM L-glutamine. Cultures were Farinas, I., Yoshida, C.K., Backus, C., and Reichardt, L.F. (1996).
maintained under conditions of no neurotrophin, 10 ng/ml NT3, or Lack of neurotrophin-3 results in death of spinal sensory neurons
50 ng/ml NGF up to 18 hr. At different time intervals, explants were and premature differentiation of their precursors. Neuron 17, 1065–
washed once for 5 min in PBS, fixed for 20 min on ice in 4% PFA, 1078.
washed again in PBS, incubated in 30% sucrose/PBS overnight, Farinas, I., Wilkinson, G.A., Backus, C., Reichardt, L.F., and Patapou-
and embedded the next morning using the Tissue-Tek OCT com- tian, A. (1998). Characterization of neurotrophin and Trk receptor
pound. After freezing, 9-m-thick sections were cut and antibody
functions in developing sensory ganglia: direct NT-3 activation of
staining performed according to standard procedures.
TrkB neurons in vivo. Neuron 21, 325–334.
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